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Abstract

Drugs targeting mutant BRAF and MEK oncogenes are effective in melanoma, even though resistance rapidly
develops. This complex picture includes acquired intrinsic tumor and tumor microenvironmental-mediated
mechanisms. Here we show that melanoma cells resistant to BRAF inhibitors (BRAFi) overexpress the rate-limiting
enzymes involved in nicotinamide (NAM) metabolism nicotinamide phosphoribosyltransferase (NAMPT) and
nicotinamide N-methyltransferase (NNMT). Remarkably, these cells release NAMPT and NNMT both in the free-
form or loaded into extracellular vesicles (EVs). NAMPT is emerging as a key mediator of resistance to BRAFi in
melanoma, primarily due to its established role in NAD biosynthesis. Although previously identified as a soluble
extracellular factor in this tumor, its presence within EVs released by melanoma cells has not been reported

until now, highlighting a previously unrecognized mechanism through which NAMPT may influence the tumor
microenvironment (TME). NNMT was revealed to increase in melanoma lesions compared to benign nevi. Here,
we report for the first time its overexpression in resistant melanoma cell lines at intracellular and extracellular
levels (secreted both as a soluble factor and into EVs). NNMT expression is increased in BRAF-mutated melanoma
patients, suggesting a link between its upregulation and the BRAF oncogenic signaling. Moreover, NNMT levels
positively correlate with gene signatures associated with pro-inflammatory signaling, immune cell migration,

and chemokine-mediated pathways. NNMT pharmacological inhibition and genetic silencing significantly reduce
resistant melanoma cell growth. In addition, we found that BRAFi-resistant cells are more sensitive to NNMT
inhibition, highlighting a trait of vulnerability of BRAFi-resistant melanomas. Lastly, we proposed for the first time
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a tetrameric NNMT:TLR4 binding model offering a plausible structural and mechanistic basis for their association.
Our functional results indicated that exogenous NNMT treatment is able to trigger NF-kB pathway, one of the
main TLR4-dependent signaling, sharing this cytokine-like properties with NAMPT, and opening a future deeper
exploration of its functional role in the extracellular space. Overall, the identification of NAMPT and, surprisingly
also NNMT, included in EVs and abundantly released from resistant melanoma cells supports the impact of these
moonlighting proteins involved in nicotinamide metabolism as mediators of BRAF/MEK inhibitors resistance with
tumor intrinsic and potentially tumor microenvironment-mediated mechanisms. Interfering with nicotinamide
metabolism could be a valid strategy to counteract drug resistance acting on the multifactorial tumor-host

interactions.

Keywords NAMPT, NNMT, Metastatic melanoma, Resistance, Extracellular vesicles, Secretome, Signaling, Tumor
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Introduction

Tumors are characterized by a complex microenviron-
ment composed of immune, stromal, and cancer cells
[1, 2]. Soluble mediators released within this tumor
microenvironment (TME) can promote tumor growth
and therapy resistance [3]. This concept also emerged in
metastatic melanoma (MM), where increasing evidence
has demonstrated that extracellular proteins secreted by
tumor cells (secretome) [4, 5], as well as proteins carried
in the extracellular vesicles (EVs) originating from MM
cells, shape the TME and drive the expansion of drug-
resistant cells [6]. Therefore, in addition to resistance
mechanisms relying on metabolic, epigenetic and gene
expression reprogramming [7-12], it is emerging that an
altered secretome and the molecular cargo of EVs con-
tribute to acquired resistance to both BRAF/MEK tar-
geted therapy [4, 13], effective in BRAFV600E-mutant
MM patients (about 50% of MM patients), and immune
checkpoint inhibitors (ICIs; anti PD-1/PD-L1 or CTLA-4
antibodies) [14].

Nicotinamide adenine dinucleotide (NAD) biosyn-
thesis is essential to support tumor energetic needs,
and to regulate the NADPH-mediated detoxification
system [15, 16]. Moreover, it provides NAD to vari-
ous NAD-consuming enzymes, including sirtuins and
poly-ADP-ribose-polymerases (PARPs), activating epi-
genetic circuits and regulating DNA repair [15, 16]. To
support NAD synthesis, required for metabolic adapta-
tion mechanisms, proliferation, and invasion, several
types of cancer show up-regulation of nicotinamide
phosphoribosyltransferase (NAMPT), the rate-limiting
enzyme controlling NAD biosynthesis from nicotin-
amide (NAM) [17-19]. For these reasons, patients bear-
ing tumors addicted to NAMPT activity benefit from the
NAMPT-targeting strategy [18, 20-22]. In MM, we and
others previously demonstrated that NAMPT is over-
expressed during BRAFi resistance and patient relapse/
progression, becoming a driver of targeted-therapy resis-
tance, modulating metabolic reprogramming [23-27].
Moreover, BRAFi-resistant MM cells are uniquely sensi-
tive to NAMPTi in vitro and in vivo [23, 24], supporting

a molecular connection between NAMPT and BRAF
oncogenic pathways [23, 28].

The amount of NAM inside the cell, available for
energy metabolism, can be regulated by a second emerg-
ing enzyme, i.e., the nicotinamide N-methyltransferase
(NNMT) [29-35]. NNMT catalyzes the N-methylation
of NAM using S-adenosyl-L-methionine (SAM) as the
donor of the methyl group to generate 1-methylnicotin-
amide (MNA) and release S-adenosyl-L-homocysteine
(SAH). The deregulation of NNMT levels and activity has
been observed in various tumor types, promoting tumor
development and progression and directly and indirectly
impacting gene expression by influencing the SAM/SAH
ratio inside the cell [29, 35-37]. However, a clear func-
tional role of this enzyme in tumor biology should be
investigated more deeply, as well as the interplay between
NAMPT and NNMT in regulating nicotinamide metabo-
lism and NAD availability in cancer cells.

NNMT was previously detected in skin cancer [38].
Ganzetti et al., first showed significantly higher NNMT
expression in melanoma compared with benign nevi [39].
In addition, a significant inverse relationship was found
between the enzyme levels and Breslow thickness, Clark
level, the presence/number of mitoses, and ulceration.
They suggested that NNMT could represent a molecular
biomarker for melanoma, thus highlighting its potential
for both diagnosis and prognosis of this neoplasia [39].
High NNMT levels were also detected in aggressive oral
malignant melanoma (OMM), where univariate analysis
showed a negative effect of NNMT expression on the dis-
ease-free survival rate [40]. Interestingly, NNMT was also
highly expressed in metastatic lymph nodes compared to
both primary melanomas and nevi [41]. The mentioned
papers confirmed the overexpression of NNMT in mela-
noma, also highlighting the impact of NNMT inhibition
or silencing in decreasing melanoma cells’ proliferation
and migration, as well as increasing cell sensitivity to
chemotherapeutics, such as dacarbazine, leading to the
hypothesis that NNMT might be involved in promot-
ing mechanisms of chemoresistance [42]. However, the
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function of NNMT was never linked with targeted-ther-
apy resistance in MM.

Intriguingly, various enzymes involved in NAD metab-
olism are considered moonlighting proteins, exhibiting
multiple functions depending on their localization in dif-
ferent cellular compartments or their role as soluble fac-
tors. This is the case of NAMPT that can be secreted in
the extracellular space, where it behaves as a mediator of
inflammation, like danger-associated molecular patterns
(DAMPs), through binding to cell membrane receptors,
including toll-like receptor 4 (TLR4) [43—45]. Extracellu-
lar (¢)NAMPT levels, increased in many tumors, regulate
tumor-host interactions. Once secreted, eNAMPT can
act as a cytokine-like protein that modulates the immune
response, triggering intracellular signaling that promotes
differentiation/polarization of myeloid cells, activation
of inflammasome, and secretion of pro or anti-inflam-
matory cytokines [18, 19, 44]. Circulating NNMT was
found to be increased compared with healthy donors in
non-small cell lung cancer and colorectal cancer, and in
exosomes of gastric cancer patients [46—48], highlighting
the potential function of eNNMT in the tumor microen-
vironment (TME), yet systematically unexplored. In addi-
tion, NAM and MNA metabolites are emerging as factors
that can shape immune cells [49-51].

The aim of this work is to characterize the proteins
differentially enriched in EVs and in the secretome of
BRAFi-resistant melanoma cells compared to the sensi-
tive ones. In this study, we show that NAM-metabolic
enzymes NAMPT and NNMT were indeed highly dereg-
ulated, with increased abundancy in EVs and in culture
media derived from resistant melanoma cell lines. Focus-
ing on NNMT, we identified this enzyme as a pivotal pro-
tein increased as an intracellular and extracellular factor
upon drug-resistance acquisition and correlated with
the BRAF mutational status of MM patients. NNMT
pharmacological inhibition and genetic silencing signifi-
cantly reduced resistant melanoma cell growth. In addi-
tion, we found that resistant cells are more sensitive to
NNMT inhibition, indicating an unraveled role of this
enzyme in BRAF inhibitor resistance. Through bioinfor-
matic analysis on the melanoma cohort from The Cancer
Genome Atlas (TCGA), we found that NNMT expression
positively correlates with pro-inflammatory signaling,
immune cell migration, and chemokine-mediated signal-
ing pathways. Moreover, based on our predictive model-
ing and functional validation, NNMT—when acting as a
soluble protein—represents a potential novel ligand for
TLR4, the same receptor recognized by NAMPT, and is
able to trigger NF-«B signaling. These findings pave the
way for future investigations into the potential role of
eNNMT in TME remodeling, acting on both tumor and
immune cells.
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Materials and methods

TCGA and CCLE analysis

Genomic data shown in this paper are in whole or part
based upon data generated by The Cancer Genome Atlas
(TCGA) Research Network and The Cancer Cell Line
Encyclopedia (CCLE).

The association between NAMPT and NNMT expres-
sion was evaluated using gene expression data for cuta-
neous melanoma cohort of patients (TCGA-SKCM) and
melanoma cell lines selected from a CCLE dataset based
on clinical annotations (In particular, cell lines with pri-
mary_disease “Skin Cancer” and Subtype containing the
term “Melanoma” were considered). For TCGA data,
normalized RNA-Seq data (DESeq2), transformed into
log2(normalized counts + 1) were plotted for NAMPT and
NNMT genes. Both the non-parametric Spearman cor-
relation and the Pearson test were applied to the entire
cohort. Statistical significance was assessed using cor.test,
and results were visualized with scatter plots including a
linear regression line (ggplot2), reporting the Spearman’s
rho coefficient, Pearson’s r coefficient, and corresponding
p-values. For CCLE dataset expression data for NAMPT
and NNMT were extracted, and both parametric (Pear-
son) and nonparametric (Spearman) correlation analyses
were performed for NAMPT-NNMT pair. The results
were represented by a scatter plot with a linear regres-
sion line. The coefficient (R) and associated p-value were
reported for each correlation.

NNMT association with BRAF mutations

Somatic mutations in the BRAF gene were extracted
from TCGA-SKCM Masked Somatic Mutation (MAF)
files, including all annotated variants (missense, synony-
mous, nonsense) without filtering for functional impact.
Patients were classified as “Mutated” if at least one
BRAF mutation was detected in any sample (primary or
metastatic).

NNMT expression (log2(normalized counts+1)) was
compared between BRAF-mutated and wild-type groups
using the non-parametric Wilcoxon test. Data distribu-
tions were visualized using violin plots generated with
ggplot2, reporting the p-value for statistical significance.

Gene set enrichment analysis (GSEA)

RNA-Seq gene expression data for cutaneous melanoma
(TCGA-SKCM) were retrieved using the TCGAbiolinks
package, selecting samples classified as “Primary Tumor”
and “Metastatic” Raw data were preprocessed by filter-
ing out low-expression genes (counts>1 in at least 20% of
the samples) and normalized using the median of ratios
method in DESeq2. Samples were then stratified into
two groups (NNMT_high and NNMT _low) based on the
median NNMT expression.
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Differential expression analysis was performed using
DESeq2 with the design~NNMT_group. Genes with
an FDR-adjusted p-value<0.05 were used for Gene Set
Enrichment Analysis (GSEA), focusing on biological pro-
cesses from Gene Ontology (GO). The analysis was con-
ducted using clusterProfiler, filtering for FDR< 0.05 and
selecting terms related to selected categories as shown in
the results. Results were visualized using enrichplot and

ggplot2.

Cell culture

M14, A375 an SK-MEL-28 BRAFV600E-mutated mela-
noma cell lines were cultured in RPMI-1640 (Corning
Inc., Cat #10-040-CV, Corning, NY, USA) and DMEM
(Corning Inc., 10-013-CV) supplemented with 10% (v/v)
fetal bovine serum (FBS, Capricorn Scientific, FBS-11 A,
#CP21-4466, Ebsdorfergrund, Germany), 1% MEM Non-
Essential Amino Acids Solution (Gibco, Thermo Fisher
Scientific, #11140035, Segrate, MI, Italy), 1% MEM Vita-
min Solution (Gibco, #11120037), 10 mM HEPES Buf-
fer Solution (Capricorn scientific, HEP-B, #CP24-7334),
Sodium pyruvate solution 100 mM (Capricorn scien-
tific, NPY-B, #CP23-6474) and 1% Gentamycin (Gibco,
#15750-037). Cells were maintained in these culture
conditions for all experiments except where specifically
indicated. All cell lines were routinely tested for Myco-
plasma contamination. During the generation of BRAFi
resistance as described in [23, 52], parental cell lines were
exposed to increased concentrations of the (Dabrafenib
or Vemurafenib). Cells were considered fully resis-
tant when they could grow in the presence of 1.6 uM of
BRAFi.

THP-1 cell line was provided by Prof. Nadia Raffaelli
(Polytechnic University of Marche, Ancona, Italy), and
cultured in RPMI-1640 supplemented with 10% FBS, fol-
lowing the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA was isolated from cells using NucleoSpin® RNA
(Macherey-Nagel, #FC140955N, Diiren, Germany)
according to the manufacturer’s instructions and quan-
tified using kit/Qubit (Qubit® RNA BR Assay Kits
#Q10210, Thermo Fisher Scientific).

RNA was converted to cDNA using the High-Capacity
cDNA Reverse Transcription kit (Thermo Fisher Sci-
entific, 4368814). qRT-PCR was performed using the
CFX384 (Bio-Rad Laboratories Srl, Segrate MI, Italy)
Real-time System using commercially available primers
[TagMan Gene Expression Assays (Thermo Fisher Sci-
entific): Hs00237184_m1 (NAMPT), Hs00196287_m1l
(NNMT) and Hs99999903_m1l (ACTB, used as house-
keeping gene)]. Comparative CT methods was used to
calculate the relative expression of the gene under analy-
sis [53].
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Western blot analysis

Cells were lysed with cold lysis buffer (HEPES 20 mM,
NaCl 150 mM; 1mM EGTA; phenylarsine oxide 50 puM)
supplemented with 1 mM PMSE, 1 mM Na;VO,, 50 mM
NaF, 1X complete Protease Inhibitors Cocktail (Sigma-
Aldrich S.rl, #P8340-5ML Milan, Italy), 10 mM iodo-
acetamide and 1% NP-40. Lysates were centrifuged at
14,000 g for 15 min at 4 °C, and protein concentration was
measured using the Bradford assay (Bio-Rad, #5000006).
Lysates were diluted in Laemmli buffer (Bio-Rad, #161—
0747) and boiled for 5 min at 95 °C. Equal amounts of
proteins were loaded on 4—20% Mini- PROTEAN® TGX™
Precast Protein Gels (Bio-Rad, #4568084) and transferred
to Nitrocellulose Transfer Membrane (Trans-Blot Turbo
RTA Midi 0.2 um Nitrocellulose Transfer Kit, for 40 blots
#1704271). Membranes were blocked in 5% non-fat dry
milk (SERVA Electrophoresis GmbH, #42590.01, Hei-
delberg, Germany) in Tris-buffer saline, 0.1% Tween20
(ITW Reagents S.R.L., #A4974,0500, Monza, MB, Italy)
and incubated with the indicated antibodies following
the manufacturer’s instructions. The following antibod-
ies were used: NAMPT (Bethyl Laboratories, #A300-
779 A, Montgomery, Texas, USA); NNMT #E6N22 and
Phospho-NF-kB p65 (Ser536) #3033 (both from Cell
Signaling Technology, Danvers, Massachusetts, USA;
and OriGene Technologies, #TA502624, Rockville, MD,
USA); TSG101 #GTX70255 and Vimentin #GTX100619
(both from GeneTex, Irvine, CA, USA); CD9 ab236630;
Calnexin ab22595 and Syntenin ab133267 (all from
Abcam, Cambridge, UK); p-Actin sc-47,778, TLR4
$¢c-293,072, Vinculin-HRP sc-73,614 and NF-kB-p65
sc-8008 (all from Santa Cruz Biotechnology, Dallas,
Texas, USA).

Secondary Abs were mouse anti-rabbit IgG-HRP (Santa
Cruz Biotechnology, sc-2357); Peroxidase AffiniPure goat
Anti-Rabbit IgG (Jackson ImmunoResearch West Grove,
Pennsylvania, USA, #111-035-003), mouse-IgGk BP-HRP
(Santa Cruz Biotechnology, sc-516102) and Peroxidase
AffiniPure goat Anti-Mouse IgG (Jackson ImmunoRe-
search, 115-005-003).

Western blot chemioluminescence reactions were visu-
alized with ECL (Clarity Western ECL Substrate, Bio-
Rad, #170-5060) using iBright™ CL1500 Imaging System
(Thermo Fisher Scientific) or the ChemiDoc XRS imag-
ing systems (Bio-Rad). Densitometric analyses performed
using Bio-Rad Image lab software 6.1 version and iBright
Analysis Software V5.3.0. Total proteins were normalized
over actin or calnexin levels.

Confocal microscopy

A375 and M14 (S and BiR) cell lines were seeded in a
96-well cell carrier plate (PerkinElmer), and fixed and
permeabilized the day after with 4% paraformaldehyde
(PFA) for 12 min, and 0.1% Triton X-100 in PBS for
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10 min, respectively, always at room temperature. Fol-
lowing incubation with blocking solution (3% BSA in
PBS) for 30 min, cells were incubated with the primary
antibodies for 2 h. The primary antibodies used were:
Anti-NNMT (OriGene, #TA502624, 1:250) and Goat
Anti-Mouse AF467 (Invitrogen, Thermo Fisher Scientific,
#A-21235, 1:500).

Hoechst (Invitrogen, H1399; 1.5 pg/ml) in PBS+BSA
0.6% was used to detect nuclei. Fluorescence images were
acquired using the PerkinElmer image plate reader Oper-
etta and evaluated using the Harmony 3.5.2 software.
For each well, images were acquired in seven preselected
fields of view with a 10x objective over two channels:
blue [fluorescence excitation (AEx), 377/54 nm; fluo-
rescence emission (AEm), 432/36 nm] and far red (AEx,
635/22 nm; AEm, 692/40 nm). Three biological replicates
were acquired.

Preparation of culture supernatants (SN) for eNNMT
quantification and secretome analysis

2,5 million MM cells (M14, A375 and SKMEL-28 in S and
BiR variant) were seeded in 10 cm culture dishes. After
48 h, cells were washed twice with PBS and incubated
for additional 24 h with FBS-deprived medium. The col-
lected media was centrifuged at 2,800 rcf for 15 min to
eliminate cell debris and larger cellular-derived particles.
The culture supernatant (SN) was then concentrated 10x
using Amicon Ultra —0.5 ml Centrifugal Filters cutoff
10 kDa (Ultracel, UFC501024, Merk Life Science S.r.l,,
Milan, Italy). The collected 50ul of 10x SN, resuspended
in Laemmli buffer (Bio-Rad, #161-0747) and boiled for
5 min at 95 °C, was loaded in SDS-PAGE followed by
western blot analysis to evaluate eNNMT (same Abs used
for lysates). The intensity of the bands corresponding to
eNNMT was normalized over the protein concentration
(png/ul) of specific samples.

The SNs (FBS free-media) for secretome MS-analysis
were collected, centrifuged at 2000 x g at 4 °C for 10 min
and filtered through a 0.2 pm filter to ensure the removal
of any dead cells and then ultracentrifuged at 100,000
x g for 70 min at 4 °C to eliminate extracellular vesicles
(EVs) and subsequent processed for proteomic analysis as
described below.

In a set of experiments, we treated or not SNs from
A375 and SK-MEL-28 BiR variants with 100 ng/ml of
Proteinase K (ProK, EO0491, Thermo Fisher) for 1 h at
37 °C after ultracentrifugation (100,000 x g for 70 min at
4 °C) [54]. Collected SNs were concentrated 10X using
Amicon Ultra —0.5 ml Centrifugal Filters cutoff 10 kDa,
as previously described. ProK digestion degrades the
free-soluble proteins (Vimentin was used as positive con-
trol) while leaving almost unaffected the exosomes’ integ-
rity (Syntenin was used as exosome control).
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Extracellular vesicles (EVs) isolation

For EVs isolation, 2,5 million of MM cells (M14 and A375
in S and BiR variant) were seeded in 10 cm culture dishes.
After 48 h, cells were washed twice with PBS and incu-
bated for additional 24 h with FBS-deprived medium. The
collected media was centrifuged at 2,800 rcf for 15 min to
eliminate cell debris and larger cellular-derived particles.
The supernatant was ultracentrifuged at 100,000 rcf for
70 min at 4 °C in an Optima XE-90 ultracentrifuge with
a SW 32 Ti rotor (Beckman Coulter). Finally, the super-
natant was kept at -80 °C until further processing, while
the EVs pellet was resuspended in 0.22 um-filtered sterile
PBS and stored at 4 °C.

EVs characterization and quantification

Particle size distribution and concentration were deter-
mined by nanoparticle tracking analysis (NTA) with
NanoSight NS300 (Malvern Panalytical, Malvern, UK).
Individual samples were recorded in 3-5 consecutive
1-minute videos at camera level 15, gain 1, and analyzed
with NTA 3.4 Build 3.4.003 (Malvern Panalytical), setting
4 as a detection threshold. The quality of isolated parti-
cles was also assessed by western blot analysis using dedi-
cated markers (see specific Abs used in the western blot
analysis section).

Proteomics analysis

Sample Preparation

Isolated EVs were lysed in RIPA buffer for 30 min at 4°C.
Samples were adjusted to a final concentration of 1%
SDS, 50 mM HEPES, benzonase 250U/ml, and sonicated
at 4°C for 10 min using a Q700 Sonicator (30” on and 30”
off, amplitude 35).

For secretome analysis, the secreted proteins in the cul-
ture media were precipitated by well-established TCA-
DOC method [55]. The washed pellets were air-dried and
dissolved in 2% SDS, 100 mM HEPES.

The total protein content EV lysates and secretome
samples was assessed using a BCA assay. Afterward, EVs
and secretome samples (20 pg) were reduced using 10
mM dithiothreitol (DTT) for 30 min at 56 °C and alkyl-
ated for 30 min using 22.5 mM iodoacetamide (IAA)
in the dark at room temperature. Protein digestion was
performed using a 1:1 ratio of magnetic carboxylate-
modified beads (GE Healthcare) as described before
[56]. Briefly, washed beads were added to the samples in
a ratio of 10 pg of beads to 1 ug of protein. Afterward,
acetonitrile (ACN) was added to a final concentration
of 70% (v/v), and samples were mixed at room tempera-
ture for 18 min. Supernatants were removed, and beads
were washed twice with 70% ethanol and once with ACN
(200 pl each). Beads were then resuspended in 45 pL of
50 mM NH4HCO3 and 5 mM CaCl2 supplemented with
one pg of trypsin. After overnight digestion at 37 °C, the
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peptide mixture was collected by incubation on a mag-
netic rack. The beads were then washed with 15 pl of
NH4HCO3, and the supernatant was pooled with the
previously collected. For peptide cleanup, samples were
processed using SP2 method [57]. Peptide mixtures were
bound to magnetic carboxylate-modified beads (GE
Healthcare) in a ratio of 1:15 by the addition of one vol-
ume of acetonitrile and washed twice with 100% acetoni-
trile. After drying, elution was performed using 2% ACN
in water. Peptides were then acidified at a final concen-
tration of 0.1% (v/v) formic acid and stored at -20° C for
further processing.

nLC-MS/MS analysis

An Easy-nLC 1200 HPLC system (Thermo Fisher Sci-
entific) with a 30 cm long C18 column and integrated
electrospray emitter (CoAnn Technologies, ID 75 pm,
1.7 pm, 100A, Richland, Washington, USA), heated to
40 °C, was used for peptide separation at a flow rate of
200 nL/min. The separation was carried out with a two-
component mobile phase system consisting of 0.1% for-
mic acid in water (buffer A) and 0.1% formic acid in 80%
acetonitrile (buffer B). Peptides were eluted using a gra-
dient from 5 to 25% buffer B over 52 min, followed by
25-40% over 8 min, and 40-98% over 10 min.

The peptides were analyzed on an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific)
in data-dependent mode, with the full scans performed
at a resolving power of 120.000 FWHM (2100 V, mass
range: 350-1200 m/z, AGC target value: 1x10e6 ions,
maximum injection time: 50 ms). Each full scan was fol-
lowed by a set of (HCD) MS/MS scans within a 3 s cycle
time, with a collision energy of 27%. Fragment data were
acquired in the ion trap mass analyzer (AGC target: 5e4
ions, maximum injection time: 150 ms). The Ion transfer
tube temperature was set at 200 °C. Dynamic exclusion
was enabled and set to 40 s, with a mass tolerance of 5
ppm. Data were acquired using Xcalibur 4.3 and Tune
3.3 software (Thermo Fisher Scientific). QCloud [58] was
used for all acquisitions to control long-term instrumen-
tal performance during the project, using quality control
standards.

All proteomic data were searched against the in-silico
digested UniProt Homo sapiens (downloaded in Janu-
ary 2024) with major known contaminants and reversed
versions of each sequence. Proteome Discoverer v.2.2.0
(Thermo Fisher Scientific) and MASCOT search engine
(v.2.6.2, MatrixScience, London, UK) were used to iden-
tify proteins (precursor mass tolerance: 10 ppm, prod-
uct mass tolerance: 0.6 Da). Trypsin/P was chosen as
the enzyme with 5 missed cleavages. Static modification
of carbamidomethyl (C) and variable modification of
oxidation (M) and N-terminal protein acetylation were
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incorporated in the search. FDR was set to <0.01 for both
peptides and proteins. Contaminants were filtered out.

MS computational analyses

MS downstream analysis was performed using the
ProTN proteomics pipeline (www.github.com/TebaldiLa
b/ProTN and www.rdds.it/ProTN). In summary, peptide
intensities were log2 transformed, normalized (median
normalization), and summarized into proteins (median
sweeping) with functions in the DEqQMS Bioconductor
package [59]. Imputation of the missing intensities was
executed by the PhosR package [60]. Differential analy-
sis was performed with the DEqQMS package, proteins
with absolute log2 FC>0.75 and P-value<0.05 were
considered significant. Functional enrichment analysis
of differentially expressed proteins was performed with
ClusterProfiler function EnrichGO and using Enrichr h
ttps://maayanlab.cloud/Enrichr/ and https://appyters.
maayanlab.cloud/Enrichment_Analysis_Visualizer [61].
Enriched terms with p-value lower than 0.05 were con-
sidered significant.

MS data availability

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE [62] partner repository with the dataset identifier
PXD063060 and https://doi.org/10.6019/PXD063060.

Cell transfection and lentivirus infection
Specific siRNA for NNMT (siNNMT, sc-61213) and
negative control siRNA (siCTR, siRNA-A: sc-37007)
both from Santa Cruz Biotechnology) were transfected
(0.02 pg/transfection) in 96-w plate using Lipofectamine
2000 Transfection Reagent (Invitrogen, USA), according
to the manufacturer’s protocol. After 48-72 h of trans-
fection, the cells were harvested for subsequent experi-
ments. Silencing efficacy was tested by RT-PCR analysis.
For NNMT knockdown experiments, the sANNMT
RNA cassette (Target sequence: 5 GCTCAAGAGCA
GCTACTACAT 3’) was cloned into the pLKO plasmid
(Addgene, Plasmid #10879). The PLKO shNNMT plas-
mid was amplified and sequence was confirmed through
Sanger sequencing. Lentiviral particles were produced by
EffeCtene (QIAGEN, cat. 301425) as described in http://
tronolab.epfl.ch/. Viral supernatants were collected and
filtrated 72 h post-transfection. Puromycin selection
(2 ug/mL) was performed for 3 days before starting the
experiments. pLKO empty vector was used as control.
Silencing efficacy was tested by western blot analysis.

Cell proliferation assay

Cell viability was determined using Cell Counting Kit-8
(96992-500TESTS-F,  Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) according to the manufacturer’s


http://www.github.com/TebaldiLab/ProTN
http://www.github.com/TebaldiLab/ProTN
http://www.rdds.it/ProTN
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
https://appyters.maayanlab.cloud/Enrichment_Analysis_Visualizer
https://appyters.maayanlab.cloud/Enrichment_Analysis_Visualizer
https://doi.org/10.6019/PXD063060
http://tronolab.epfl.ch/
http://tronolab.epfl.ch/
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Fig. 1 Characterization of EVs isolated from melanoma cell lines. (A) Representative size distribution profiles from Nanoparticle Tracking Analysis (NTA) of
EVs secreted from BRAF-mutated melanoma cell lines A375 and M14 sensitive (S) and BRAF-inhibitor resistant (BiR) are shown. The black curve represents
the mean of three measurements, with standard error in red. (B) Mode, (C) mean EVs' diameters, along with (D) EVs number per mL, are plotted. Error
bars represent at least three biological replicates. Repeated measures one-way ANOVA was used to calculate statistical significance (ns- not significant,
*p <0.05) between BiR and S cells. Venn diagrams indicating the number of proteins commonly (E) up and (F) downregulated in A375 and M14 BiR, iden-
tified by proteomics, and respectively reactome enrichment analysis of (G) up and (H) downregulated proteins. All the significant modulated proteins
(p-value above 0.05) compared with the BRAF inhibitors sensitive A375 and M14 (A375 S; M14 S) cell lines were considered. Four independent biological

replicates were considered for statistical analysis

instructions. To test the capacity of NNMT inhibitor
(NNMTi, HY-131042, MedChemExpress, Sollentuna,
Sweden) to block cell proliferation, we treated cells with
the indicated concentrations (25-50-100 uM) for 72 h, as
previously used in other tumor models [63, 64]. NAMPT
inhibitor FK866 (52799, Selleckchem, Munich, DE) 50
nM was used as positive control of cell growth arrest [23].

For the colony formation assay, 500 cells were plated
into a six-well plate and maintained in culture media
supplemented with 10% FBS for 10-12 days. At the same
time, the medium with or without NNMTi was changed
every three days. Then the clones were fixed with metha-
nol, stained with 0.1% crystal violet and photographed.
The percentage of occupied colony areas was calculated
with Image]/Fiji software. All the experiments were
repeated as indicated.

NNMT: TLR4 binding prediction

Structural models of the human NNMT: TLR4 hetero-
tetramer were built using AlphaFold-Multimer v2.3.0
[65, 66], accessed through ColabFold [67]. The sequences
of TLR4 (accession ID: O00206) and NNMT (accession
ID: P40261) were taken from the UniProt database. Five
predictions were obtained, one for each neural network
model, and we selected the one with the highest com-
bined predicted Template Model (pTM) and interface
pTM score for Fig. 8C. All images were generated using
Molsoft ICM 3.9-4 [68].

Signaling experiment using NNMT Recombinant protein
THP-1 monocytes are differentiated into macrophages
by 48 h of incubation with 150 nM phorbol 12-myristate
13-acetate (PMA, HY-18739, MedChemExpress) in com-
plete RPM1, and then recovered for 24 h in medium
without serum. Differentiated THP-1 were treated for
30 min at 37 °C in medium without FCS with indicated
doses (ng/ml) of recombinant human NNMT (Catalog #
7736MT, R&D System, Minneapolis, MN, USA) and, as
positive control, with the same concentration of recombi-
nant human NAMPT provided by Prof. Raffaelli’s lab and
previously characterized [45, 69]. In a set of experiments
A375 BiR were starved for 24-30 h in medium without
serum and then treated with the recombinant proteins as
described for THP-1.

Cells were then lysed and p65 phosphorylation status,
as a readout of NF-kB signaling activation, was analyzed
by western blot.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 9.0 (GraphPad Software Inc., La Jolla,
CA, USA). Statistical significance was assessed using an
unpaired or paired Student’s ¢-test, following a Shapiro-
Wilk test to evaluate the normality of data distribution.
One-way ANOVA was also used where indicated. Unless
otherwise indicated, data in the Figures are presented as
the mean + SEM.

For all statistical tests, the 0.05 level of confidence was
accepted for statistical significance. Significance was
represented as: * p<0.05, ** p<0.01, *** p<0.001, ****
»<0.0001.

Results

Proteomic characterization of EVs derived from BRAF
inhibitor-resistant cells

The presence of eNAMPT in EVs was previously
described in the context of ischemic injury, in mice to
extend longevity, and in humans following moderate-
intensity exercise [70-74]. Exosomal NAMPT was
recently identified in leukemia with the effect of orches-
trating monocyte survival [75], in aggressive brain tumor
glioma as a mediator of radioresistance [76] and in
colorectal cancer as biomarker [77]. To our knowledge,
in melanoma, even if soluble eNAMPT was previously
detected [26, 78], evidence of eNAMPT in EVs is miss-
ing. These observations provided an intriguing rationale
to investigate the presence of eNAMPT in EVs in mela-
noma, with a special focus on molecular mechanisms
behind melanoma resistance. Therefore, we conducted a
proteomic analysis to compare EVs derived from BRAF
inhibitor-sensitive (S) and -resistant (BiR) melanoma
cells. This approach aimed to assess global proteomic
alterations in EVs from resistant cells and to specifically
investigate whether NAMPT is selected as EV cargo,
potentially representing a mechanism for sharing active
metabolic enzymes between tumor, inflammatory, and
immune cells. Culture supernatants from two different
BRAF-mutated melanoma cell lines, previously char-
acterized [23, 52, 79] were collected, and EVs were iso-
lated by differential ultracentrifugation. Representative
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Fig. 2 NAMPT and NNMT are enriched in EVs from BIR cells. Volcano plots of significantly modulated proteins in (A) A375 BiR and (B) M14 BiR cell lines,
compared with their respective sensitive counterparts (A375 S and M14 S). Black dots with labels for NAMPT and NNMT in each comparison are shown.
Proteomics quantification of (C) NAMPT and (D) NNMT relative abundance in EVs isolated from the different cell lines. Repeated measures one-way
ANOVA was used to calculate statistical significance (*p <0.05, **p <0.01, ***p < 0.001) between BiR and S cells. (E) Representative western blot images of
EVs positive (TSG101, Syntenin, CD9) and negative (GM130) markers, as well as (F) NAMPT and NNMT expression in EVs isolated from A375 S, A375 BiR,
M14 S and M14 BiR cell lines, and the respective cell lysates. Histograms reporting (G) NAMPT and (H) NNMT relative quantification in EVs, using syntenin
as loading control to normalize data [80]. Three independent biological replicates were performed. Unpaired t-test was used to calculate statistical signifi-

cance (*p<0.05, **p<0.01, *p=0.07) between BiR and S cells in each cell line

nanoparticle tracking analysis (NTA) profiles of particles
recovered from individual conditions are shown (Fig. 1A)
and revealed that EVs mode (Fig. 1B) and mean size
(Fig. 1C) as well as the number of released EVs (Fig. 1D)
were comparable between S and BiR for both melanoma
cell lines. Interestingly, A375 S cells secrete a smaller but
slightly higher number of particles than M14 S (Fig. 1B-
D). Immunoblotting of these particles, as shown in
Fig. 2E, confirmed the presence of Syntenin, TSG101 and
CD9 EV markers, expected with the ultracentrifugation
protocol applied [80].

To characterize the protein cargo of recovered parti-
cles, we performed a proteomic analysis which revealed
1834 proteins significantly upregulated (p-value <0.05) in
A375 BiR compared to A375 S, and 1610 proteins down-
regulated in the same condition (Supplementary Material
1). Instead, 446 and 574 proteins were found respectively
up- and down-regulated in M14 BiR compared with M14
S (Supplementary Material 1).

To investigate a common EVs signature in resistant
MM cells we examined whether certain proteins were
commonly modulated in EVs derived from both A375
and M14 BiR cell lines compared with the respective
counterparts (S cells). We found 173 and 306 proteins,
respectively up and down-regulated in BiR cells as shown
in Venn diagrams (p-value<0.05, Fig. 1E-F, Supplemen-
tary Material 2), which were independently subjected to
gene set enrichment analysis. The gene ratio was deter-
mined by the number of modulated terms in each condi-
tion, that were part of a particular gene set, divided by
the total number of terms annotated for that gene set.
Through functional annotation databases such as gene
ontology (GO), KEGG and Reactome, we observed an
upregulation of terms associated mainly with protein
translational processes and metabolism, in BiR cells
(Fig. 1G, Supplementary Fig. 1A). Instead, downregu-
lated terms point out a significant downregulation of
endosomal transport pathway and ESCRT-dependent
vesicular trafficking (Fig. 1H, Supplementary Fig. 1B). In
line with the non-significant differences in the relative
abundance of particles released by these cells, this obser-
vation indicates that resistant cells secrete a dramatically
deranged EV quality.

Interestingly, the GSEA of proteins specifically up-reg-
ulated in EVs derived from the A375 BiR cells compared
with their sensitive counterparts, additionally revealed

an upregulation of the citrate cycle (Supplementary
Fig. 2A-B), in line with the observed increased mitochon-
drial activity of these cells [23, 52]. Instead, particles from
M14 BiR samples presented an upregulation of proteins
involved in several metabolic processes, such as purine,
ribonucleotide and aminoacid metabolism (Supplemen-
tary Fig. 3A-B). Downregulated terms are similar in the
two cell lines, mainly involving cytoskeleton organization
and endocytosis (Supplementary Figs. 2 and 3 panels B).
Overall, these data revealed that the acquisition of
resistance to BRAF inhibitors does not influence EVs
diameter or number, but is rather cell-line specific, with
M14 releasing fewer but slightly larger EVs than A375
cells. The EVs cargo, instead, revealed that BiR-derived
EVs are enriched in terms associated with translational
processes, along with distinct metabolic signatures
unique to each cell line, but mirroring common pathways
activated/deactivated in BRAFi resistance.

NAMPT, but also NNMT proteins are enriched into EVs
released from BiR cells

A closer analysis of the proteomics results revealed a
significant enrichment of NAMPT in BiR cells-derived
EVs (both in A375 and M14), reflecting its increased
intracellular expression [23](Fig. 2A-C). The presence of
NAMPT suggests an alternative mechanism of NAMPT
exchange within the TME between tumor cells as well
as between tumor cells and between tumor and immune
cells. Surprisingly, a second enzyme, NNMT, involved in
the catabolism of nicotinamide (i.e., methylation of nico-
tinamide) was concomitantly found in EVs from both
BiR cell lines (Fig. 2A-B, D, Supplementary Material 2).
NNMT transfer via EVs could represent an intriguing and
novel hallmark in cancer cell communication. Interest-
ingly, we revealed additional common up-regulated pro-
teins in EVs, from both BiR cell variants. Nucleophosmin
1 (NPM1), which is associated with immune evasion and
tumor progression [81], forces the expression of PD-L1
[82]. Proteins involved in stress granule (SGs) assembly
[83], including ATXN2L, OGFOD1, FMR1, PRRC2C,
EIF2S1, and PUM2 were highlighted. SGs emerged as
regulators of the tumor immune microenvironment,
leading to immune escape in tumor cells [84]. Interferon-
gamma inducible protein 16 (IFI16), a DNA sensor pro-
tein, which triggers interferon-beta (IFN-f) production
and inflammasome complex and IL-1p production [85],
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Fig. 3 NNMT is overexpressed in BiR cell lines. (A) Histograms reporting NNMT mRNA expression levels in S and BiR MM cell lines (M14, A375 and SK-
MEL-28). Data from five independent experiments. (B) Analysis of NNMT expression in the same cell line variants by immunoblot. Actin was used as a
loading control. Histograms show cumulative data of band quantification (at least n=4) represented as a ratio of the enzyme/actin levels. Below the
graphs are reported representative western blots. (C) NNMT expression evaluated by confocal immunofluorescence staining. Representative images of
immunostaining of NNMT (red fluorescence) in (C - left) A375 S and BiR and (D-left) M14 S and BiR cell lines. Hoechst was used to stain the nuclei. Images
were acquired with the Operetta instrument and Harmony 3.5.2 software. NNMT mean signal intensity in (C-right) A375 and (D-right) M14 cell lines was
calculated with Harmony software. Statistical significance was calculated using unpaired t-test. Data in the graphs are presented as the mean +SEM.

Significance was represented as: **p <0.01, ***p <0.001, ****» <0.0001

has recently been linked with M1-macrophage infiltra-
tion in melanoma [86]. Lastly, we found enriched in EVs
also signal transducer and activator of transcription 3
(STAT3), linked with TLR4 signaling in melanoma [87],
and DNA methyltransferase 1 (DNMT1) [88]. Notably,
EVs isolated from A375 BiR cells exhibit strong upregu-
lation of CD274/PD-L1, a key molecule involved in
immune escape [89] and associated with shorter overall
survival in melanoma [90]. PD-L1 expression, increased
in BRAFi-resistant melanoma [79], was recently associ-
ated with the NAD/NAMPT axis [91, 92].

To validate the proteomics data, we performed an
immunoblot with independent EV isolated from both
S and BiR A375 and M14 cell lines. Importantly, the
EVs positive markers Syntenin, TSG101 and CD9 were
enriched in the EVs fractions but not in the respective
cell lysates, differently from the Golgi marker GM130,
which is not sorted into EVs (Fig. 2E). We confirmed the
up-regulation of both NAMPT and NNMT in EVs iso-
lated from BiR cells (Fig. 2F-H).

NNMT is upregulated in cell extract from resistant
melanoma cells

NAMPT was previously reported to be overexpressed in
resistant cells, acting as the master regulator of NAD syn-
thesis and playing a key role in metabolic reprogramming
during the acquisition of BRAFi resistance in melanoma
[23, 24, 52]. NNMT results overexpressed in melanoma
compared to benign nevi [38]; however, it was never
associated with BRAFi resistance. Therefore, we focused
on this enzyme to compare its intracellular and extracel-
lular expression in BRAF-mutated melanoma cell lines
sensitive and resistant to BRAFi. We found that NNMT
gene was significantly upregulated in three different BiR
cell lines (M14, A375, and SK-MEL-28; Fig. 3A). Paren-
tal (sensitive) M14 and SK-MEL-28 expressed low basal
levels of NNMT compared to A375, strongly induced in
BiR cell variants. Moving to the NNMT protein expres-
sion, immunoblot (for all BiR lines, Fig. 3B) and confocal
microscopy (for A375, Fig. 3C and M14, Fig. 3D) analyses
confirmed selective and robust upregulation of NNMT in
BiR cells. Overall, this evidence demonstrated for the first
time that, as for NAMPT, also NNMT is overexpressed
at mRNA and protein levels in resistant cells, opening
future studies investigating its role in the onset of BRAFi
resistance and corresponding TME.

eNNMT is released as a soluble protein by melanoma cells,
increasing in resistant cells

We detected NAMPT and NNMT in EVs, increasing
in BiR cells. eNAMPT is an established soluble factor
released as free protein from different cellular models,
especially in inflammatory and metabolic conditions,
and in tumors [44, 93]. Melanoma cell lines and patients
release eNAMPT, becoming a novel marker of tumor
burden [26, 78]. Circulating NNMT was identified in
NSCLC and colon cancer [46, 48]. For the first time, we
revealed the presence of eNNMT by western blot, analyz-
ing 10x concentrated conditioned media without serum
for 24 h from the same 3 representative BRAF-mutated
melanoma cell lines S vs. BiR (Fig. 4A-C). eNNMT
detected in western blot could be secreted either in EVs
or as a free protein in the supernatant. The quantification
of the relative proportion of free versus EV-containing
protein is a difficult task that we tried to address experi-
mentally. We ultracentrifuged supernatants from A375
and SK-MEL28 BiR variants and then treated or not with
Proteinase K (ProK, 100 ng/ml, 1 h at 37 °C) [54]. Super-
natants were concentrated 10X and loaded into the gel.
ProK digestion is expected to degrade free-soluble pro-
teins (vimentin used as positive control) while leaving
almost unaffected the vesicles’ integrity (assessment of
syntenin levels as EVs marker). As reported in Fig. 4D-E,
ProK digestion completely degraded Vimentin. Syntenin
levels were unaffected by the treatment in SK-MEL-28
BiR, while partially reduced in A375 BiR, suggesting
cell-dependent differences. eNNMT showed the same
behavior: it was partially reduced after ProK treatment in
both cell line SNs, suggesting at least the experimentally
detectable dual secretion paths.

Overall, our data revealed the presence of soluble
eNNMT released by melanoma cells, increased in
BRAFi-resistant cells derived either from exosomes and
released as a free protein.

eNNMT was confirmed highly enriched in the secretome of
BiR cells

To confirm that the protein detected in culture superna-
tants (SN) was indeed NNMT, we used MS, selecting the
A375 cell line (higher levels of eNNMT detected, Fig. 4B)
to obtain and compare all the proteins “secretome” from
SN derived from A375 S and BiR (4 biological replicates).
Proteomics analysis revealed a significant upregulation
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unpaired t-test. Data in the Figure are presented as the mean + SEM. Significance was represented as: *p <0.05, **p <0.01

(p-value<0.05) of 397 secreted proteins, in contrast to
382 downregulated ones (Supplementary Material 3).
Importantly, we were able to confirm the presence of
NAMPT (log,FC 1.82 BiR vs. S) and NNMT (log,FC 2.3)
significantly enriched in SN from BiR cells (Fig. 5A-C).
In addition to NAMPT and NNMT, we found up-reg-
ulated in SN from BiR cells also kynureninase (KYNU,
log,FC 2.26) and NAD(P)HX epimerase (NAXE, log,FC
2.89) belonging to NAD network. Interestingly, the tryp-
tophan (TRP) degradation (de-novo NAD biosynthetic
route) along the kynurenine pathway (KP) plays a critical
role in the regulation of immune response [94]. Among

KP metabolites, kynurenine (KYN) production has been
linked to cancer immune escape [95]. In melanoma, it
has been demonstrated that the KP pathway mediates
T-cell dysfunction [96].

Performing enrichment analysis, we identified an
upregulation of translational and metabolic processes as
purine, amino-acids, and carbon metabolism among the
most significant (Fig. 5D). Moreover, an immune signa-
ture emerged, linked with TGF-f signaling, signaling by
Rho GTPases, IL-12 signaling and neutrophil degranula-
tion (Supplementary Material 3). Other interesting pro-
teins belonging to these categories, found enriched in
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SN from A375 BiR, are superoxide dismutase (SOD2),
the most up-regulated protein with a log,FC of 4.3, part
of the superoxide dismutase family of redox enzymes
that metabolize superoxide radicals into hydrogen per-
oxide. SOD2 expression increases in tumors, including
in melanoma [97], as a mechanism to scavenge oxygen-
reactive species (ROS); however, serum SOD2 levels may
increase in melanoma patients and correlate with dis-
ease progression [98]. Interleukin-6 (IL-6, log,FC 1.76), a
cytokine involved in immune regulation, was previously
detected in serum from melanoma patients [99]. NEDD8
ubiquitin-like modifier (NEDDS, log,FC 2.43), a key ele-
ment of the inflammasome caspase-1-dependent activa-
tion in primary macrophages [100]. We also identified
different small Rab GTPases, conserved key regulators
of membrane trafficking, also crucial for skin and hair
pigmentation [100]. The most up-regulated is RAB6A
(log,FC 2.29) involved in the secretory pathway [101].
Several members of the serpin family [102], the most dif-
ferentially expressed SERPINB2, log,FC 3.45); the serine/
threonine-protein kinase PAK2 (log,FC 1.35), that plays
an important role in cancer cell metastasis [103].

Downregulated terms point out a differential expres-
sion of proteins modulating the extracellular matrix for-
mation and organization, collagen formation and integrin
cell surface interactions (Fig. 5E, Supplementary Mate-
rial 3). The rewiring of the proteins included in these
terms could be associated with the metastatic process
[104, 105]. Moreover, we also found cluster-differenti-
ation (CD) proteins down-regulated, including CD44,
CD59, CD58 and CD109. Among these, elevated soluble
CD44 was previously associated with melanoma growth
inhibition [106]; while a loss of CD58 expression con-
fers immune evasion through multiple mechanisms, as
recently reported [107].

NNMT correlates with NAMPT in melanoma patients and

is more expressed in the BRAF-mutated ones, decreasing
upon BRAFi/MEKi exposure

Herein, our objective is to elucidate the relationship
between these two NAM-modulating enzymes, found
overexpressed in resistant melanoma, with a subsequent
focus on NNMT, which has been less extensively stud-
ied in this tumor model. Focusing on melanoma patients
[Skin Cutaneous Melanoma (SKCM) TCGA cohort]
we first analyzed the correlation between NAMPT and
NNMT expression (metastatic samples n=368). The
analysis revealed a positive and significant correlation
between the two NAM-modulating enzymes using both
Spearman and Pearson tests (Fig. 6A). No correlation was
detected in primary tumor samples (not shown). We con-
firmed the positive correlation (R or rho 0.3) also analyz-
ing annotated melanoma cell lines (n=104, filtered for
primary disease “Skin Cancer” and subtype containing
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the term “Melanoma”) in the cancer cell line encyclope-
dia (CCLE, Fig. 6B).

We previously knew that NAMPT expression increased
in BRAF-mutated MM patients [28] and decreased fol-
lowing BRAFi treatment in vitro and in patients [23,
24, 26]. To highlight a possible association between
NNMT expression and BRAF mutations we dissected the
SKCM TCGA cohort (primary and metastatic samples)
in BRAF wild-type (WT, n=235) and BRAF-mutated
(MUT, n=232) patients. All annotated BRAF mutations
were considered, with V60OE being the most frequently
represented, as expected. NNMT expression was sig-
nificantly higher in patients harboring BRAF mutations
(p-value =4.99 e-05, Fig. 6C).

These data suggest a molecular connection between
BRAF oncogenic signaling and the dysregulation of both
NAMPT and NNMT enzyme. To corroborate this regula-
tion, we treated the MM cell lines M14 BiR and A375 BiR
with a combination “combo” of BRAF/MEK inhibitors
(10 uM) for 24 h. Western blot analysis showed a down-
regulation of NNMT protein expression in response to
drugs treatment (Fig. 6D).

NNMT is positively associated with immune-related
signature and signaling pathways in melanoma patients
By analyzing the gene expression profiles of these SKCM
TCGA tumor samples using GSEA with respect to high
vs. low NNMT expression (based on the median NNMT
expression), we observed an increase in pro-inflamma-
tory and immune-related signatures (including inflam-
mation response, interferon response genes, humoral
immune response, leucocyte migration, cell chemotaxis),
and signaling pathways (MAP-kinase, NF-kB, chemo-
kine-mediated signaling) correlated with higher NNMT
expression (Fig. 7). Interestingly, high NNMT levels
positively associated with neutrophils, granulocytes and
myeloid cells migration (Supplementary Fig. 4), suggest-
ing and increased immune infiltration and increased
inflammatory status within the melanoma TME corre-
lated with elevated NNMT. Moreover, we also observed
a positive correlation between elevated NNMT and epi-
thelial to mesenchymal transition and stemness (Supple-
mentary Fig. 5A), as previously highlighted [29, 37], while
a strong negative association with mRNA processing and
cytoplasmic translation (Supplementary Fig. 5B).

Overall, these data indicate that, similarly to NAMPT,
NNMT expression is associated with oncogenic BRAF
signaling and shows a positive correlation with signal-
ing and inflammatory signatures, suggesting its potential
involvement in immune cell infiltration and modulation
of the inflammatory response within the TME.
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Fig. 6 NAMPT and NNMT are positively correlated and NNMT is more abundant in BRAF mutated MM patients. (A-B) Scatter plot correlating NAMPT and
NNMT. Each dot represents a sample of the TCGA SKCM cohort, metastatic samples (A) or melanoma cell lines derived from CCLE dataset (B). Pearson
(R) and Spearman (rho) correlations and p-value are shown. (C) NNMT expression (log2(normalized counts+ 1)) was compared between BRAF-mutated
and wild-type groups using the non-parametric Wilcoxon test. Data distributions were visualized using violin plots, reporting the p-value for statistical
significance. (D) Analysis of NNMT expression in M14 BiR and A375 BiR after 24 h of treatment with the combination (combo) of Vemurafenib (10puM) and
UO126 (10uM). M14 BiR n=5, A375 BiR n=4. Data are reported as n-fold compared to paired untreated condition for each replicate. Statistical significance
was calculated using a paired t-test. Data in the Figure are presented as the mean + SEM. Significance was represented as: *p <0.05

Pharmacological inhibition or genetic knockdown of
NNMT reduces BiR cells growth

To start to define the role of NNMT, previously unknown,
as a driver of MM progression and drug resistance, we
adopted two different strategies: (i) we used a NNMT
pharmacological inhibitor (NNMTi, HY-131042) [63, 64]
and (ii) we silenced NNMT in BiR cells transiently and
stably using NNMT-specific siRNA and viral particles to
express NNMT shRNA, respectively.

NNMT inhibition (~50 uM) led to a significant block
of cell proliferation after 72 h as reported in Fig. 8A-C in
all three BiR cell variants. NAMPT inhibitor (FK866 50
nM) was used a positive control of cell growth arrest [23].
A375 BiR cells are more sensitive to NNMT inhibition
consistently with their higher expression of the enzyme.
Colony formation assay was performed in A375 BiR and

SK-MEL-28 BIR. Results showed a significant reduction
of the colony-formation capability over a period of 10-12
days (Fig. 8D and Supplementary Fig. 6A) in both cell
lines treated with NNMTi at 50 uM and more strongly
with 100 uM. A375 BiR cells were more able to gener-
ate colonies compared with SK-MEL-28 BiR as depicted
in representative images (Fig. 8D and Supplementary
Fig. 6A), however the effect of NNMTi was comparable
with a reduction of colonies of ~30% with NNMTi at
50 uM, increasing up to 70% with 100 uM. The impair-
ment of cell growth was confirmed also by silencing
NNMT gene as reported in Fig. 8E-F in M14 BiR cell line
transiently transfected with siNNMT after 72 h, and in
SK-MEL-28 BiR stably silenced for NNMT. Colony for-
mation assay with SK-MEL-28 BiR stably silenced for
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Fig. 8 Pharmacological inhibition or genetic knockdown of NNMT reduces BiR cells growth. (A-C) Short-term proliferation assay (CCK-8) evaluating the
sensitivity of M14 BiR (A), A375 BiR (B) and SK-MEL-28 BiR (C) to the indicated increasing doses of NNMTi (72 h of treatment). NAMPT inhibitor FK866 (50
nM) was used as positive control of cell growth arrest. Data are from 3 independent experiments (each performed in triplicate) and are represented as %
of proliferation (fold change over untreated condition). (D) Colony-forming ability (colony-forming units CFU) of A375 BiR treated with NNMTi (50-100
pM) in comparison with untreated cells for 12 days. Cells were stained with crystal violet and representative images are shown. On the right, histograms
show the cumulative quantification of the percentage (%) area with colonies at the end of the 12-days period (2 independent experiments performed
in triplicates). (E-F) CCK-8 assay comparing cell growth rate between M14 BiR transfected with siCRT vs. SINNMT (E) and between stably NNMT silenced
SK-MEL-28 BiR and control cells (F). Data are from 2 independent experiments (each performed in triplicate) and are represented as absorbance 450 nm
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experiments). (H-1) CCK-8 assay comparing sensitivity to NNMTi (50-100 uM, 72 h of treatment) of BiR vs. S cell lines. Data are represented as % of prolif-
eration (fold change over untreated condition). Statistical significance was calculated using one-way ANOVA multiple comparisons (treatment groups
compared with the untreated group) for A-D, unpaired t-test for E-I. Data in the Figure are presented as the mean+ SEM. Significance was represented as:
*p<0.05, **p<0.01, **p <0001, ***p<0.0001

NNMT corroborated this significant reduction of cell
growth (Fig. 8G). NNMT silencing in BiR cells was high-
lighted by RT-PCR and Western blot analysis (Supple-
mentary Fig. 6B-C).

Selecting A375 and M14 we then compare the sen-
sitivity of S and BiR cells to NNMTi. Data showed that
A375 BiR were more sensitive than S variant to NNMTi
(low dose of 50 uM, Fig. 8H), while in M14 cell line the
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Fig. 9 (See legend on next page.)

increased sensitivity in BiR cells was appreciated at 100
uM (Fig. 8I).

Overall, these data suggest that NNMT inhibition
in BiR cells could be a vulnerability of BRAF-resistant

melanomas, supporting a previously uncharacterized
function of this enzyme in BRAF/MEK resistance.
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Fig. 9 Putative NNMT: TLR4 complex model and eNNMT signaling function. NNMT-TLR4 complex was modeled with Al (AlphaFold Multimer) and com-
pared with TLR4:MD2. (A) Crystal structure of TLR4-MD2 complex (PDB: RFXI) shown in worm representation. TLR4 subunits are colored blue and yellow,
while MD-2 molecules are purple. (B) Superposition of five predicted NNMT-TLR4 complex models, illustrating structural convergence. (C) The highest-
ranked NNMT-TLR4 model is depicted in a surface representation. NNMT-TLR4 interaction sites are highlighted in pink, while the TLR4 homodimerization
interface is marked in red. NNMT molecules are green. The upper and lower panels depict the top and front views, respectively. (D) Western blot analysis
of TLR4 and NF-kB p-p65 in differentiated THP-1 macrophages upon treatment (30 min) with increasing doses of INNMT (50-100-200 ng/ml). (E) Repre-
sentative western blot analysis of NF-kB p-p65 in differentiated THP-1 macrophages (n=4) upon treatment (30 min) with INNMT and rINAMPT (both at 50
ng/ml). Cumulative graph on the right represents quantification of p-p65/p65, one-way ANOVA multiple comparisons. (F) Representative western blot
analysis of basal expression of TLR4 in MM cells BiR/S variants. (G) Representative western blot analysis of NF-kB p-p65 in A375 BiR (n=4) upon treatment
(30 min) with INNMT and rNAMPT (both at 50 ng/ml). Cumulative graph on the right represents quantification of p-p65/p65, one-way ANOVA multiple

comparisons. Data in the Figure are presented as the mean + SEM. Significance was represented as: *p <0.05

eNNMT activates NF-kB signaling: exploring the possible
involvement of TLR4

Based on the evidence that soluble NAD-biosynthetic
enzymes (i.e., eNAMPT and eNAPRT) bind to TLR4
[44], we started to speculate that the newly identified
eNNMT could bind TLR4 exerting a signaling function
mediated by the engagement of the same receptor of
eNAMPT/eNAPRT.

Using in silico methods, we investigated whether
NNMT could form a stable complex with TLR4 to induce
the homodimerization necessary for downstream signal-
ing [108]. Given that human NNMT (~30 kDa) shares a
molecular size comparable to the MD-2/LPS complex—
a known ligand responsible for TLR4 activation—we
hypothesized that hNNMT might act analogously by
mimicking its mechanism. Specifically, we speculated
that hNNMT could facilitate TLR4 dimerization and
signaling by forming a heterotetrameric complex simi-
lar to MD-2/LPS. To investigate the possible structural
arrangement of the heterotetrameric NNMT: TLR4
complex, we modelled it using AlphaFold Multimer
[66]. The five predicted models consistently converged
toward the same heterotetramer conformation, which
resembles TLR4:MD2 (Fig. 9A-B). Figure 9C presents
the highest-ranked model, which, based on the combined
pTM +ipTM score of about 0.8, supports a reasonable
prediction of the complex’s overall fold and protein-
protein interactions. Notably, each NNMT monomer (in
green) makes electrostatic contact with both TLR4 sub-
units, potentially stabilizing TLR4 homodimerization.
Our tetrameric NNMT: TLR4 model offers a plausible
structural and mechanistic basis for their association.
Lastly, we demonstrated that eNNMT is able to trigger
NF-xB pathway, the main signaling activated by TLR4
binding, and previously reported for eNAMPT [43, 45,
109]. To do this we used commercial full-length and
enzymatic active recombinant (r)NNMT protein (endo-
toxin-free). We decided first to exploit monocyte THP-1
model, as monocytes/macrophages are previously used
to test eNAMPT signaling functions [43, 45, 109].

THP-1 cells can differentiate into macrophages in the
presence of PMA and are a good model to test TLR4
agonists’ activities, expressing high levels of the receptor

[110] (Fig. 9D). Treatment of differentiated THP-1 with
rNNMT for 30 min activated the NF-kB pathway, as
determined by western blot analysis showing increased
phosphorylation of the p65 subunit (Fig. 9D-E), evi-
dent with the low dose of INNMT 50 ng/ml (Fig. 9D-E).
rNAMPT treatment was included as positive control as
known TLR4 ligand that robustly activates NF-«B signal-
ing (Fig. 9E) [43, 45, 109].

Then we moved to validate our data in melanoma cells.
We checked TLR4 expression in S and BiR MM cells.
Western blot analysis reveals abundant expression of
TLR4 on the surface of MM cells without significant dif-
ferences in its expression in BiR cells compared to S cells
(Fig. 9F). A375 BiR cells are highly TLR4-expressing cells,
for this reason we used this cell line to repeat the treat-
ment with INNMT and rNAMPT, highlighting the acti-
vation of NF-«B pathway (Fig. 9G).

Overall, these data demonstrated, for the first time, that
eNNMT triggers NF-kB activation in macrophages and
in melanoma cells, supporting the idea that this signal-
ing function could be mediated at least in part by TLR4
binding as reported by our prediction model of NNMT:
TLR4 complex. Further studies will be necessary to ver-
ify this functional and physical interaction, as previously
described for NAMPT [43, 109].

Discussion

Recent advancements in cancer research have increas-
ingly focused on the analysis of tumor cell secretome
and their microenvironment, both of which significantly
influence tumor biology, including metastatic potential
and resistance to therapy [4, 14, 111, 112]. Among the
components of the tumor secretome, extracellular vesi-
cles (EVs) have emerged as pivotal mediators of intercel-
lular communication, contributing to tumor progression,
metastasis, and therapeutic resistance by modulating the
crosstalk between tumor and microenvironmental cells
[113, 114]. These membrane-bound vesicles, secreted by
virtually all cell types, are enriched with a wide array of
molecular cargoes—such as proteins, lipids, and nucleic
acids (small RNA, microRNA)—and have the capacity to
exert paracrine effects both at local and systemic levels
[115].
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Accordingly, a comprehensive characterization of
tumor secretome and EV-associated cargoes holds signif-
icant potential for the identification of novel biomarkers
and therapeutic targets. Such insights may support the
development of innovative treatment strategies aimed at
reducing tumor burden and improving clinical outcomes.

Microenvironment-driven resistance to BRAF inhi-
bition in melanoma patients is accompanied by broad
changes in tumor secretome EV-associated cargoes,
promoting the expansion and dissemination of drug-
resistant clones and escape immune surveillance [4, 116,
117]. The secretome of BRAFi-resistant melanoma cells
is rich in pro-tumor cytokines and angiogenic factors,
including IL-8, IL-6, macrophage colony-stimulating fac-
tor (M-CSF) and transforming growth factor-p (TGE-
B), thrombopoietin, vascular endothelial growth factor
(VEGF) and leptin [5]. In addition, several enzymes were
revealed by proteomic profiling of secretome derived
from MM cell lines, including glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), a-enolase, pyruvate
kinases isoenzymes, and triosephosphate isomerase [69].
Although primarily involved in cellular energy produc-
tion, these enzymes have also been associated with non-
metabolic functions when secreted [118, 119].

Consistently, in this work we showed that NAMPT and
NNMT, the two rate-limiting enzymes of NAM metabo-
lism inside cells, are present as soluble free-proteins and
loaded into EVs preferentially in BRAFi-resistant mela-
noma cell lines.

The presence of NAMPT in EVs and/or exosomes was
previously described in non-tumor and tumor contexts
[70-77], but never in melanoma. eNAMPT, as soluble
factor, was identified in several pathological conditions,
including various inflammatory and metabolic disor-
ders such as obesity, diabetes, arthritis, atherosclero-
sis, inflammatory bowel disease, lung injury, and cancer
[18, 19, 44]. As recently reviewed by Semerena et al,
eNAMPT is actively secreted by a wide variety of cell
types through non-classical or unconventional pathways.
This secretion is not a result of cell lysis or death; how-
ever, the precise mechanisms involved remain poorly
understood [19]. Various signals can trigger NAMPT
secretion, which can be broadly classified into three main
categories: (i) cellular stress, (ii) nutritional and meta-
bolic cues, and (iii) inflammatory stimuli. eNAMPT has
been reported to exert multiples and diverse functions,
which have been linked to its enzymatic activity as well
as to its pro-inflammatory, pro-angiogenic, and adipocy-
tokine roles [18, 19, 44]. eNAMPT can be viewed either
as a pro-inflammatory cytokine or as an alarmin/DAMP.
In general, eNAMPT appears as a modulator of innate
immune pro-inflammatory programs, particularly in
monocytes and macrophages. The enzymatic activity of
the protein seems to be not required for these cytokine/
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DAMP activities of eNAMPT [18, 19, 45, 53, 109, 120];
on the contrary, eNAMPT exerts its extracellular func-
tions by binding to one or more cell surface receptors.
C-C chemokine receptor type 5 (CCR5) CCR5 and TLR4
were revealed as eNAMPT receptors [18, 19, 43, 109].
Among the various pathological conditions investi-
gated, elevated levels of circulating eNAMPT are per-
haps the most extensively studied in cancer. Increased
eNAMPT concentrations have been reported across a
wide spectrum of malignancies, including both solid
tumors and hematological cancers [18, 19]. eNAMPT,
secreted both by tumor and tumor-associated cells, is
proposed to have a role in different hallmarks of can-
cer, promoting inflammation and cancer progression,
and also as a component of the senescence-associated
secretory phenotype (SASP) [18, 19, 121]. In melanoma,
we and others previously demonstrated that NAMPT
becomes a driver of targeted-therapy resistance modu-
lating metabolic reprogramming [23-28]. eNAMPT is a
cytokine-like protein released by MM cells, in vitro, and
by MM patients [26, 78]. Audrito et al. in 2018 reported
elevated eNAMPT levels in 113 patients with BRAF-
mutated metastatic melanoma, compared to 50 patients
with localized disease and 38 healthy donors. Circulating
eNAMPT levels showed a direct correlation with markers
of aggressive disease. Notably, eNAMPT concentrations
decreased in response to BRAF/MEK inhibitor therapy
but rose again upon disease progression/resistance [26].
The discovery that a second enzyme involved in NAM
metabolism, i.e. NNMT, is concomitantly overexpressed
upon the acquisition of BRAFi resistance in melanoma
underscores a global rewiring of NAM metabolism as
a mechanism of BRAFi resistance. NNMT increases at
mRNA, intracellular, and extracellular protein levels.
Although we cannot rule out technical inefficiencies in
the sedimentation of particles with variable size and cel-
lular heterogeneity, which may lead to secretomes of dif-
fering quality, the conclusive experimental evidence is
that, using commonly adopted approaches for character-
izing the cargo of extracellular vesicles, eNNMT could be
detected both in its free form and as cargo within EVs.
The contribution of NNMT to cancer progression has
been demonstrated across a range of malignancies; how-
ever, its functional role in cancer biology remains to be
elucidated, especially as an extracellular protein. NNMT
activity has been reported to promote tumor develop-
ment and progression by directly and indirectly affect-
ing epigenetic gene expression through the modulation
of the intracellular SAM/SAH ratio, as well as by altering
cancer metabolism [29-37]. Recently, it was also associ-
ated with acquired resistance to receptor-tyrosine kinase
inhibitors (EGFR-TKI) in non-small cell lung cancer [64].
Circulating NNMT was uniquely identified as a free-
soluble protein in NSCLC and colon cancer [46, 48] and
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in exosomes from gastric cancer [47]. Different studies
reported the overexpression and the function of NNMT
in melanoma biology [38-42]. In this context, here we
reported different novel findings, i.e., (i) NNMT over-
expression in BRAF-mutated patients compared to the
WT ones; (ii) increased levels of NNMT in BRAFi-resis-
tant cells (mRNA and protein); (iii) increased amount
of NNMT as soluble free-protein and in derived EVs in
resistant cell lines; (iv) a positive correlation between
NNMT and NAMPT, mirroring a dysregulation of NAM
metabolism in melanoma secretome. Remarkably, (v)
NNMT pharmacological inhibition or genetic silencing
arrests BiR cells proliferation, more vulnerable to NNMT
inhibition compared S cells. Lastly, (vi) we revealed a
direct association of high NNMT levels with signal-
ing and inflammatory signatures, demonstrating that
recombinant NNMT triggers NF-kB activation, sharing
this cytokine-like properties with NAMPT. We explored
the possible involvement of TLR4 in NNMT-mediated
NF-kB signaling activation modelling a prediction of tet-
rameric NNMT: TLR4 complex and offering a plausible
structural and mechanistic basis for their association.
Further studies will be necessary to verify the interac-
tion between recombinant NNMT and the recombinant
extracellular domain of TLR4 through surface plasmon
resonance (SPR), as previously described for NAMPT
[43, 109] and to discover structural determinants of
eNNMT involved in TLR4 binding.

Overall, these data suggest the potential involvement of
soluble NNMT in immune cell infiltration and modula-
tion of the inflammatory response within the melanoma
TME. This is a novel concept, recently discussed by Liu
et al,, who reported, by using a bioinformatics analysis,
the correlation between NNMT and the infiltration of
tumor-associated fibroblasts (CAFs) and macrophages
(TAMs) in tumors [122]. Stromal NNMT expression
was necessary and sufficient for functional aspects of
CAEF, and for secretion of cytokines and oncogenic extra-
cellular matrix, supporting gastric and ovarian cancer
migration, proliferation, and metastasis [123, 124]. Alto-
gether, these findings underscore the multifaceted roles
of NAMPT and NNMT in melanoma, with several open
questions about their functional effects within the mela-
noma TME. The NAMPT/TLR4 signaling, as previously
described [18, 19, 109, 125], may impact on tumor cells
themselves and on immune cells, mainly macrophages,
which express high levels of TLR4 [126]. The effect of
NAMPT on macrophage recruitment and differentiation
was previously reported [45]. Our signaling experiments
and in silico reported NNMT: TLR4 binding, experimen-
tally to be demonstrated, suggests very similar TLR4-
mediated signaling also for eNNMT triggering NF-«B/
inflammasome pathways. Therefore, we can hypoth-
esize that NNMT could act as a new DAMP, a potent
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modulator of inflammatory responses, as previously
reported for NAMPT and NAPRT [45].

Several issues remain to be addressed. First and fore-
most, it will be crucial to understand the relationship
between NAMPT and NNMT in the regulation of NAD
pathway homeostasis during the acquisition of tar-
geted therapy resistance. It has been reported an evo-
lutionary conserved kinetic interplay between these
two NAM-metabolizing enzymes, impacting on NAM
concentrations, and thereby also on NAD-consuming
enzyme activities [127]. Secondly, it will be necessary to
investigate the interconnection between the two soluble
enzymes within the melanoma TME: our findings indi-
cate that these are overexpressed, abundantly secreted
and transferred via EVs, as a trait of resistance; however,
the functional role needs to be clarified. Thirdly, it will be
important to verify and define the mechanism of TLR4
engagement and the specific immune cells targeted by
these enzymes/cytokines. Lastly, we do not forget the
impact of metabolites (i.e., NAM, NMN, and MNA) pro-
duced by these enzymes within the TME [49, 50]. Future
investigations will aim to resolve these open questions
and to delineate a comprehensive resistance signature
involving NAM-associated metabolites and enzymes.

Conclusion

In conclusion, the identification of NAMPT—and, unex-
pectedly, NNMT—overexpressed as intracellular proteins
and abundantly released within EVs and as free proteins
by resistant melanoma cells underscores the potential
role of these moonlighting enzymes, involved in nicotin-
amide metabolism, as mediators of resistance to BRAF/
MEK inhibitors. Their contribution may occur through
tumor-intrinsic and possibly tumor microenvironment—
mediated mechanisms. Moreover, the observed posi-
tive correlation between NNMT expression and gene
signatures associated with pro-inflammatory signal-
ing, immune cell migration, and chemokine-mediated
pathways, together with the demonstration of NF-kB
activation by exogenous NNMT exposure as well as
our prediction of NNMT as a potential novel ligand for
TLR4—the same receptor recognized by NAMPT—
provide a compelling rationale for future studies aimed
at elucidating the extracellular functions of NNMT in
the remodeling of the tumor microenvironment. Lastly,
targeting nicotinamide metabolism may represent a
promising strategy to overcome drug resistance by mod-
ulating both tumor intrinsic processes and the multi-
factorial interactions between tumor cells and the host
microenvironment.
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